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based on the assumption that nuclear quadrupoles play a crucial role for the observed magnetic field 
dependence. 
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I. INTRODUCTION 

The absence of first order magnetic field effects in in- 
sulating materials free of magnetic moments can be con- 
cluded from basic principles. Since the magnetic field 
is described by an axial vector and the electrical polar- 
ization by a polar vector, a linear magnetic field depen- 
dence of the dielectric properties of pure non-magnetic 
insulators can be ruled out. Therefore, it is very surpris- 
ing that strong magnetic field effects were discovered re- 
cently in low-frequency dielectric susceptibility measure- 
ments on cert^ttjjrpiulti-component glasses at very low 
temperaturesEoBQEl In particular, a non-monotonic vari- 
ation of the dielectric constant and of the dielectric loss 
was observed with increasing magnetic field. 

Since the low-temperature dielectric properties of insu- 
lating glasses are governed by atomic tunneling systems it 
was speculated on a direct coupling of magnetic fields to 
tunneling systems. Two models have been proposed that 
relate the magnetic field dependence to the Ahanorov- 
Bohm .phase of a charged particle moving along a closed 
loopfli 

In polarization echo experiments at radio frequencies it 
has already been demonstrated that tunneling systems in 
glasses couple directly to magnetic fieldsJj Surprisingly, 
the amplitude of two-pulse echoes in a-BaO-Al 2 03-Si02 
(BAS) was found to depend strongly on the applied mag- 
netic field showing a non-monotonic field variation. Since 
in polarization echo experiments only the properties of 
tunneling states are probed these findings prove that in- 
deed the tunneling systems themselves are involved in the 
magnetic field effect. Furthermore, the character of cer- 
tain features observed in these echo experiments indicate 
that nuclear magnetic moments might play an important 
role. 

To explain the magnetic field effects in echo experi- 
ments a coupling tojiuclear spins has recently been dis- 
cussed theoretically.B The model worked out in this pub- 
lication is based on the assumption that the levels of 
tunneling particles with non-zero nuclear quadrupole mo- 
ment exhibit a quadrupole splitting, which is different 
in the ground state and in the excited state. Magnetic 



fields cause an additional Zeeman splitting of these levels 
giving rise to interference effects. In turn, these effects 
cause the non-monotonic magnetic field variation of the 
echo amplitude. 

In this communication we present the results of po- 
larization echo experiments on four different glasses in 
magnetic fields investigated under different experimental 
conditions. Furthermore, we discuss briefly the models 
developed to explain the magnetic field effects and com- 
pare their predictions with our experimental findings. 



II. THEORETICAL BACKGROUND 

In the following sections we briefly introduce the tun- 
neling model, which is the generally accepted basis for the 
description of the low-temperature properties of amor- 
phous solids. In addition, we discuss the physics of polar- 
ization echoes in glasses, and the theoretical approaches 
to explain the magnetic field dependence of the dielectric 
properties of non-magnetic insulating glasses. 



A. Tunneling Model 

Atomic tunneling states give rise to an important con- 
tribution to the internal energy of glasses at low tem- 
peratures. Most properties of amorphous solids are 
strongly influenced by these additional degrees of free- 
dom. Two prominent examples are the linear specific 
heat and the logarithmic temperature dependence of the 
sound velocity.E!JO A phenomenological description of 
the low-temperature properties of glasses is provided by 
the so-called 'tunneling model', that has been proposed 
independently by Phillipsta and Anderson et al.EJ in 
1972. A central assumption of this model is that atoms 
or small groups of atoms are not located in well-defined 
potential minima, but move between two energetically 
almost equivalent adjacent positions separated by a po- 
tential barrier. Such a configuration can be described by 
a 'particle' moving in a double-well potential. In this ap- 
proximation the single wells are considered as harmonic 
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and identical, but may differ in their depth. This differ- 
ence is usually referred to as the asymmetry energy A. 
These particles have vibrational states in each single well, 
separated by the energy Eq. 

At low temperatures, i.e., for k^T -C Eq, higher vi- 
brational levels are not excited and can be omitted in 
our further discussion. The ground state is split into two 
levels by the tunneling motion. Therefore, tunneling sys- 
tems in glasses are often referred to as two-level systems. 
In addition to the classical potential difference A, the 
quantum mechanical tunnel splitting A contributes to 
the ground state splitting E given by 

E=^A* + Al. (1) 

Applying the WKB approximation the tunnel splitting 
can be calculated approximately. Neglecting prefactors 
of the order of unity one finds 

A ^E Q c- x . (2) 

Roughly speaking the tunnel splitting A is given by 
the vibrational energy Eq of the particle multiplied by the 
probability exp (—A) for tunneling. The so-called tunnel- 
ing parameter A = d\/1mV /2h reflects the overlap of 
the wave functions of the particle at the two sides of the 
potential barrier. 

As a consequence of the irregular structure of glasses, 
the characteristic parameters of the tunneling states are 
widely distributed. In the tunneling model it is assumed 
that the asymmetry energy A and the tunnel parameter A 
are independent of each other and uniformly distributed 
as 

P(X,A)d\dA = PdAdZi , (3) 

where P is a constant. Using this particular distribution 
function many low-temperature properties of glasses can 
be explained even quantitatively. An equivalent descrip- 
tion of the low-temperature properties_pf glasses is given 
by the so-called 'soft potential modelo that uses a more 
general form of the atomic potentials and different distri- 
bution functions. It allows reliable predictions even well 
above 1 K. In comparison with the tunneling model the 
soft potential model leads to a slightly different distribu- 
tion of the tunneling parameter, but for the properties 
below 1 K it yields the same predictions. 

Tunneling systems couple to their environment by in- 
teraction with phonons and photons. External elastic 
or electric fields produce changes of the asymmetry en- 
ergy A and lead to relaxation processes. The coupling 
to external fields also causes resonant processes like reso- 
nant absorption and stimulated emission. Both, resonant 
and relaxational contributions determine the dynamic re- 
sponse of the two-level systems. For a tunneling system 
with electric dipole moment p in an electric field F(t) 
the Hamiltonian in the orthogonal basis of the eigenfun- 
tions -0_ and tp-\- of ground and excited state is given 



by 

Using this Hamiltonian the coherent dynamics of tunnel- 
ing systems can be formulated. 



B. Polarization Echoes in Glasses 

At very low temperatures the relaxation of the tun- 
neling systems becomes so slow that coherent phenom- 
ena like polarization echoes become observable in insu- 
lating glasses. Depending on the sequence and phase of 
the exciting pulses, different physical properties of the 
tunneling systems can be studied. lialla Here we focus on 
one particular kind of experiment, the so-called sponta- 
neous echo (or two-pulse echo) which is generated by two 
short microwave pulses separated by the delay time t\2- 
The macroscopic polarization produced by the first mi- 
crowave pulse vanishes rapidly due to the distribution of 
parameters of the tunneling systems in glasses. This phe- 
nomenon is similar to the well-known free induction de- 
cay observed in nuclear magnetic resonance experiments. 

Neglecting relaxation processes and spectral 
diffusionEZI resulting from the interaction of neigh- 
bored tunneling systems, the phase of the individual 
tunneling systems develops freely between the two 
exciting pulses. The second pulse causes an effective 
time reversal of the development of the phase of the 
tunneling systems. The initial macroscopic polarization 
of the glass is recovered at the time ti2 after the second 
pulse. In analogy to the two-pulse echo in magnetic 
resonance experiments this phenomenon is referred to 
as the spontaneous echo. Due to the broad distribution 
of the parameters of the two-level systems in glasses, 
the description of polarization echoes in glassy materials 
is somewhat more involved than in the simple case of 
diluted paramagnetic spin systems. A detailed and 
general theoretical discussion of spontaneous echoes in 
glasses has been given by Gurevich et al.ta A few results 
of this theory relevant to the experiments presented 
here, will be summarized in the following. 

The amplitude of the echo depends on the pulse area, 
i.e., the length of the exciting pulses times the field 
strength of the microwave. A maximum of the echo am- 
plitude is observed for pulses with pulse areas flt p \ m tt/2 
and nt P 2 ~ 7T, where t v \ and t P 2 denote the duration of 
the first and second pulse, respectively, and Q the effec- 
tive Rabi frequency given by 

n = sjai + ul ■ (5) 

Here to^ = u> r — u> signifies the difference between the 
frequency u> of the microwave and the resonance fre- 
quency lo t = E/H of the tunneling systems. The quantity 
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represents the Rabi frequency of systems at uj^ = 
and is given by 



n 1 A ° v 



(6) 



where |Fo| is the field strength of the exciting microwave 
pulse. Neglecting again any kind of phase disturbing pro- 
cesses, the amplitude] of spontaneous echoes in glasses is 
expected to vary aslia 

A(t) = Aq tanh [ ^J] Im J e iuJt [ cos 4 <9 d6 ^ ^ d?? 
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with rj = Aq /E, and representing the angle between p 
and Pq. The amplitude Aq is determined by the number 
of tunneling states, their dipole moment and the field 
strength of the microwave. 

At finite temperatures, thermal relaxation processes 
and spectral diffusion weaken the coherence of the ensem- 
ble of resonant tunneling systems. Thus the echo ampli- 
tude is increasingly reduced with growing delay time t±2- 
Since thermal relaxation processes and spectral diffusion 
are strongly temperature dependent, coherent polariza- 
tion echoes in glasses can be observed only at very low 
temperatures, typically below 100 mK. We shall not dis- 
cuss these processes here since they are not of importance 
for the phenomena reported here. However, we like to 
point out that the echo amplitude is proportional to the 
number of tunneling systems which are in resonance with 
the exciting microwave pulse and do not loose their phase 
coherence during the time 2tn. 



C. Coupling to Magnetic Fields 

Recently, several models have been developed with the 
aim to explain the coupling of magnetic fields to atomic 
tunneling systems in disordered solids. Here we discuss 
first two models that focus on the description of the di- 
electric constant of glasses in magnetic fields. Then we 
consider the model that aims to explain the magnetic 
field effects observed in polarization echo experiments. 

1. Mexican-hat Model 

To describe the non-monotonic magnetic field depen- 
dence of the dielectric susceptibility of multi-component 
glasses, Kettemann et aLB investigated the properties of 
tunneling systems exhibiting the peculiarity that the tun- 
neling particle can move along different paths to go from 



one potential minimum to the other thus forming a closed 
tunneling loop. As a simple example they considered a 
Mexican-hat type potential with two equivalent minima 
in the brim. At zero magnetic field the tunneling prob- 
ability is equal for either direction of tunneling. How- 
ever, in a magnetic field perpendicular to the plane of 
the tunneling loop the time inversion symmetry is bro- 
ken and the probability for tunneling is in general not 
equal anymore for the two directions of revolution. As a 
result the tunnel splitting Aq becomes a periodic func- 
tion of the magnetic flux (f> threading through the loop, 
i.e., Aq{4>) — A ((j) = 0) cos(7r</>/<^o), where <j>Q = h/e rep- 
resents the elementary flux quantum. Consequently, the 
energy spectrum of the tunneling systems varies period- 
ically with the applied magnetic field and so does the 
dielectric constant of the glass. 

In this model, maxima in the dielectric constant are 
expected at 0/<fo = (2n + l)/2, with n = 0,1,2, .... The 
magnetic field required to reach the first maximum of the 
dielectric constant turns out to be of the order of 10 5 T 
if the tunneling systems carry an elementary charge and 
have atomic dimensions. However, experimentally the 
first maximum was found at about 100 mT. This clear 
contradiction was interpreted by Kettemann et al. as 
an indication that not individual tunneling systems are 
responsible for the magnetic field effect but a large num- 
ber of strongly coupled systems with a much larger effec- 
tive charge and a larger effective loop radius. Although 
evidence for interactions between tunneling systems in 
glasses have been fpund. ia several experiments at very 
low temperatures^l^'LllE3£§nJ it remains an open ques- 
tion whether clusters of 10 5 coherently moving tunneling 
systems exist in glasses. 

No specific predictions were made for echo experiments 
in this work. However, the predicted periodical variation 
of the tunnel splitting should be observable since Aq en- 
ters in several quantities relevant in echo experiments. 
For example, one such quantity is the Rabi frequency. 

2. Pair Model 

A somewhat different point of view had been taken 
by WurgerLl, who considered the properties of pairs of 
interacting tunneling systems in magnetic fields. Sup- 
pose that there are two neighbored interacting tunneling 
systems of similar energy with tunneling paths along dif- 
ferent directions. In this case the interaction between the 
tunneling particles would lead to a bending of the tun- 
neling paths and to a correlation of the tunnel motion of 
the two systems. It is conceivable that a closed loop is 
formed along which the effective charge of the tunneling 
systems is transported. The important difference to the 
Mexican-hat model is that the level scheme of a coupled 
pair differs from that of a two-level system. Two weakly 
coupled two-level systems of similar energy splitting have 
four levels, the two in the middle being almost degener- 
ate. The separation of the two levels in the middle will 
periodically vary as a function of magnetic flux through 
the effective loop. 
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Within this approach, the splitting of the two almost 
degenerate levels is given by the relation E p = 8 2 + C 2 , 
with 5 representing the difference in the energy split- 
ting of the two coupled tunneling systems S — E\ — E2, 
and £ denoting their magnetic field dependent variation 
C = 2Aq sin(n(j)/<f>o). The important feature of this model 
is that the relative change of the small splitting E p caused 
by magnetic fields is much larger than the relative vari- 
ation of the energy splittings E\ and E2 of isolated tun- 
neling systems. Within this model the magnetic field 
variation Ae of the dielectric constant e is approximately 
given by 



Ae oc 
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with r — 2-k A\j (TunpF). Here, B denotes the mag- 
netic field, lu the frequency of measurement and F the 
amplitude of the applied ac field. Inserting typical val- 
ues of low-frequency measurements one can estimate the 
parameter r to be r as 10 10 . Therefore, the oscilla- 
tion period is determined by an effective flux quantum 
4>o/vT « 10 -5 </>o, which appears to be of the right order 
of magnitude for describing the observed non-monotonic 
magnetic field variation of s. However, it should be 
pointed out, that this explanation relies unambiguously 
on the presence of coupled pairs of tunneling systems 
with almost identical energy splitting and exhibiting a 
correlated tunneling motion with an effective tunneling 
loop. It is unclear at this point how large the fraction 
of tunneling systems in glasses is, having the required 
properties. 

As stated above, the pair model aims to describe the 
dielectric susceptibility data and no specific-predictions 
were made for polarization echo experiments!!] Neverthe- 
less, one would certainly expect a pronounced frequency 
dependence since the parameter r is inversely propor- 
tional to the measuring frequency. 

3. Nuclear Quadrupole Model 

Very recently, an alternative explanation for the mag- 
netic field effects of the dielectric properties of insulating 
glasses has been suggested!] The central assumption of 
this model is, that the nuclear properties of the tunnel- 
ing systems are responsible for the observed phenomena. 
Nuclei with a spin I > 1 also carry a nuclear quadrupole 
moment Q. Because of electric field gradients present in 
glasses, both, the ground state and the excited state of 
tunneling systems containing nuclei with a quadrupole 
moment, will exhibit a quadrupole splitting Tiluq, that is 
generally different for the two levels. Magnetic fields cou- 
ple to the nuclear magnetic dipole moment and lead to a 
nuclear Zeeman splitting Hlul = gpL^B. Here g represents 
the g-factor of the nuclei and /in the nuclear magneton. 
The behavior of such systems in polarization echo ex- 
periments depends on the relative magnitude of the two 
energies. At low magnetic fields (Ucjl "C Tiwq) the am- 
plitude of a two-pulse polarization echo for nuclei with 



half-integer spin and I > 3/2 should approximately be 
given byEI 

A(tia,WL) =A(t 12 ,oo)\l-a 



dx 



+ h/2 / P(x) cos \y / x 2 + (I+l/2) 2 (l-x 2 ) w L fi 



1 

bp Jp(x) cos (2^u>i l ti2x) do 



0>l/2 



(9) 



where a and bp are coefficients depending on the nuclear 
spin, and A(tx2,o6) denotes the echo amplitude in the 
limit of high magnetic fields. The parameter x represents 
the projection of the quantization axis of the magnetic 
moments onto the quadrupole axis and p(x) is its nor- 
malized distribution. The sum runs over = 1/2, . . . , I 
for half-integer spinsEj For B = the amplitude of 



the echo is given by A(ti2) = A(t 12, oo)[l 
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Compared to the amplitude caused by an ensemble of 
simple two-level systems it is reduced by the fraction 
(a — ^2pbp), which arises from the interference of dif- 
ferent quadrupole levels.0 At small magnetic fields the 
degeneracy of the nuclear magnetic levels is lifted and 
causes an additional line broadening due to additional 
transition energies. The non-monotonic variation of the 
echo amplitude with the magnetic field results from the 
magnetic field dependence of the distribution of nuclear 
spin levels and the interference of their contributions to 
the signal. The first minimum of ([)]) is expected to occur 
roughly at wl^12 ~ 0.57r£3 Inserting the expression for 
the nuclear Zeeman energy this condition leads to 

„ 0.5 irh 

B mia t 12 « . (10) 

Thus the nuclear quadrupole model predicts that the 
position of the minimum only depends on the nuclear 
magnetic dipole moment of the tunneling particle. As a 
consequence echo experiments are expected to reveal in- 
teresting information on the material dependence of the 
magnetic field phenomena in glasses. It is noteworthy, 
however, that the tunneling systems in glasses are prob- 
ably not caused by the motion of single atoms, but are 
likely to involve the correlated motion of small atomic 
clusters. In this case, the interpretation of the non- 
monotonic variation of the echo amplitude with magnetic 
field is obviously more complex. 

At large magnetic fields {Tiujw 3> tiujQ) the situation 
simplifies significantly and reduces to the case of a simple 
two-level system, because the nuclear Zeeman splitting 
leads to equally spaced spin levels for both, the ground 
states and the excited states of the tunneling systems. 
According to the nuclear quadrupole modec! the varia- 
tion of the two-pulse echo amplitude at large magnetic 
fields should approximately be given by 
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where the constant Bq marks the magnetic field at which 
TiciJl ~ TujJq. Note that at high fields the normalized 
amplitude does not depend on the delay time t\ 2 whereas 
at low fields a delay time dependence is expected. From 
the magnetic field strength of the transition from the low- 
field to the high-field regime it is possible to estimate the 
magnitude of the nuclear quadrupole splitting with the 
help of this model. 

III. EXPERIMENTAL TECHNIQUE 

The experiments were performed in a 3 He- 4 He dilu- 
tion refrigerator in order to reach temperatures down to 
about 10 mK, which are necessary to study coherent po- 
larization echoes in glasses. The cooling power of the 
apparatus was sufficient to overcome the heat input by 
the two coaxial cables carrying the r.f. signals and by 
the r.f. power dissipated in the experiment itself. All 
r.f. lines inside the refrigerator were semi-rigid coaxial 
cables with low insertion loss up to the GHz range. In- 
side the vacuum enclosure of the refrigerator the coaxial 
cables are made from superconducting niobium in order 
to keep the heat input by thermal conduction as low as 
possible. Thcrmalization of the niobium cables is per- 
formed at the still with home made strip-line devices on 
a single-crystal sapphire substrate. The temperature was 
measured by an Au:Er susceptibility thermometer and a 
carbon resistor, both attached to the mixing chamber of 
the apparatus. 

1. Echo Generation and Detection 

The echo experiments were performed in a re-entrant 
microwave resonator attached to the mixing chamber of 
the dilution refrigerator. The resonator was made from 
gold plated oxygen free copper. The sample discs with a 
thickness of about 0.5 mm and a diameter of 8 mm were 
mounted in the region between the center post and the 
bottom of the resonator. In this area a large portion of 
the electric field component of the resonator is concen- 
trated and, because of the diameter (8 mm) of the center 
post, the field was rather homogeneous. The r.f. sig- 
nal was inductively coupled into the resonator by a loop 
which could be rotated in order to adjust the degree of 
coupling. Two modes, the ground mode at 1 GHz and the 
first overtone at 4.6 GHz were used in our experiments. 

The echo signal was picked up by a second loop in the 
resonator and was pre-amplified by approximately 43 dB 
using a helium-cooled microwave amplifier located in the 
helium bath outside the vacuum chamber. The signal was 
mixed outside the cryostat with a reference signal with 
the same frequency. The demodulated signal was further 
amplified by a video amplifier and digitized by a fast 
digital oscilloscope. Depending on the experiment 1000 
to 10000 subsequent echo cycles were digitally averaged 
in order to reach an acceptable signal to noise ratio. 

The r.f. signal was generated by a microwave synthe- 
sizer, split into two parts and fed into the receiver and 



transmitter branch. The latter consisted of a variable at- 
tenuator, a phase shifter, and a p-i-n diode switch used to 
shape the microwave pulses with an on/off transit time of 
about 15 ns. The TTL control signals of the diode switch 
were provided by a digital pulse and delay generator. 

Phase sensitive detection has two advantages for our 
experiment: Firstly, sensitivity is increased by 3dB be- 
cause all noise in the quadrature component of the signal 
is suppressed. Secondly, the output of a phase sensitive 
detector is bipolar, meaning that the mean value of noise 
of the detector signal vanishes. In a conventional recti- 
fying ('square law') detector the noise output is unipolar 
and will therefore average to a finite value. Furthermore, 
mixing of the bipolar random noise signal with the fixed- 
polarity echo signal in a rectifying detector would lead to 
a nonlinear amplitude dependence of the averaged echo 
at low signal levels. 

2. Magnetic Field Generation 

In most experiments discussed, here the magnetic field 
was generated by a home-made superconducting magnet 
consisting of about 1000 m NbTi wire wound around a 
stainless steel cylinder with a 22 mm drill-hole and 64 mm 
in length. The wire was fixed with a thick layer of epoxy 
(Stycast 2850 FT). The coil was attached to the mixing 
chamber of the dilution refrigerator and the sample was 
placed in the middle of the cylinder. The homogeneity 
of the magnetic field was estimated to be better than 
5 x 10~ 3 . The maximum current through the coil was 
about 2 A corresponding to a magnetic field strength of 
0.46 T. The operation of the magnet at constant field had 
no noticeable influence on the performance of the cryo- 
stat. However, whenever the magnetic field was altered, 
the temperature of the sample holder increased signifi- 
cantly due to eddy currents, and, after reaching a con- 
stant magnetic field, it was slowly relaxing back to the 
mixing chamber temperature. For experiments at higher 
fields we used a standard superconducting solenoid with 
a field range up to 5 T, which was installed at the mixing 
chamber of our cryostat. 

3. Samples 

Four different insulating glasses were investigated, 
namely the two commercially available multi-component 
glasses BK7 and Duran, the multi-component glass 
a-BaO-Al203-Si02 (BAS), and vitreous silica contain- 
ing 1200 ppm OH~ (Suprasil I). The main components 
of these glasses are listed in J^ble Q as determined by 
atomic emission spectroscopy.Ea In addition, in Table || 
we have listed for the relevant elements, the nuclear spins, 
the quadrupole moments of the isotopes with non-zero 
quadruple moment, and the natural abundance of these 
isotopes. 

Since we were concerned about effects caused by mag- 
netic impurities present in the samples we performed 
magnetization measurements in a SQUID magnetometer 
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TABLE I: Mole fraction of the constitutes of the four glass 
samples BAS, BK7, Duran apd Suprasill as determined by 
atomic emission spectroscopy.!^ 







BAS 


BK7 


Duran 


Suprasil I 


Si0 2 


(%) 


72.7 


74.8 


83.4 


100 


B 2 3 


(%) 


0.72 


9.6 


11.6 





AI2O3 


(%) 


8.8 


0.03 


1.14 





Na 2 


(%) 


0.28 


10.1 


3.4 





K a O 


(%) 


0.064 


4.7 


0.41 





BaO 


(%) 


17.0 


0.76 


0.005 






TABLE II: Natural abundance, nuclear spin / and nuclear 
quadrupole moment Q of isotopes with I > 1/2 present in 
the glass samples. 





abundance (%) 


7 


9 


Q (barn) 


io B 


19.9 


3 


0.60 


0.08 


n B 


80.1 


3/2 


1.79 


0.04 


17 o 


0.05 


5/2 


-0.76 


-0.03 


27 Al 


100 


5/2 


1.46 


0.14 


23 Na 


100 


3/2 


1.48 


0.11 


39 K 


93.3 


3/2 


0.26 


0.06 


41 K 


6.7 


3/2 


0.14 


0.07 


135 Ba 


6.59 


3/2 


0.56 


0.16 


137 Ba 


11.23 


3/2 


0.62 


0.25 



to determine the amount of magnetic impurities. Fig. |l| 
shows the result of such measurements on BK7 and Du- 
ran. Although these two glasses have a very similar 
composition, the change in magnetization and thus the 
amount of magnetic impurities differ by roughly a factor 
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FIG. 1: Magnetization of BK7 and Duran as a function of the 
inverse temperature. The measurements were carried out in 
a field of 5.5 T. 



of twenty. We conclude from this measurement that the 
BK7 sample contained about 5 ppm of magnetic impuri- 
ties with a g-factor of g « 2 and a total spin of J = 5/2, 
while in Duran about 120 ppm magnetic impurities were 
found with g w 2 and J w 5/2. 

IV. EXPERIMENTAL RESULTS AND 
DISCUSSION 

We have studied the influence of magnetic fields on the 
amplitude of coherent polarization echoes depending on 
various parameters such as frequency, delay time, electric 
field strength and temperature. As we will see, the exper- 
imental results allow to distinguish between the different 
models discussed above. 



A. Spontaneous Echoes in Magnetic Fields 

1. Electric Field Dependence 

Let us first discuss the dependence of the echo am- 
plitude on the electric field strength of the exciting 
microwave pulses. In all experiments the widths of 
the pulses were kept constant, being t p ± w 100 ns and 
i P 2 ~ 200 ns, the electric field strength was the same for 
both pulses. At small electric fields the amplitude of the 
echo is expected to rise proportional to F$. It reaches 
a maximum at a field fulfilling the condition ilt P 2 ~ tt 
for the second pulse. At higher electric fields the shape 
of the echo starts to change, splitting eventually into dif- 
ferent negative and positive parts.ta In this regime it is 
not obvious which maximum one should take as the echo 
amplitude. Therefore, we have decided to plot always the 
integrated echo amplitude, because this is a well-defined 
quantity even at large fields. After passing through the 
maximum the integrated echo amplitude is expected to 
decrease towards higher fields, since in this range the sig- 
nal consists of negative and positive components. 

In Fig. ^ the integrated amplitude of two-pulse polar- 
ization echoes generated in BAS at different magnetic 
fields is plotted as a function of the applied electric field 
strength. All curves show the expected variation with the 
electric field strength, but the absolute value of the echo 
amplitude is different at different magnetic fields. It is 
noteworthy that the echo amplitude is a non-monotonic 
function of the applied magnetic field. The fact, that 
independent of the applied magnetic field the maximum 
of the integrated echo amplitude is always found at the 
same electric field strength of about 450 V/m indicates 
that the mean effective Rabi frequency remains virtu- 
ally unaltered in magnetic fields. From this we conclude 
that neither the dipole moment p nor the tunneling split- 
ting Ao depend on the applied magnetic field. This ob- 
servation disfavors the model proposed by Kettemann et 
al.El as an explanation for the magnetic field dependence 
of the echo amplitude. 



7 



CO 

> 

O 



CD 



E 

CO 

o 
sz 

o 
CD 

"D 

CD 

-I ' 

03 

O) 
CD 



1.0 



0.5 



0.0 



1 GHz 
12mK 

o mT 
• 11 mT 
■ 230 mT 



a-BaO-AI 2 3 -Si0 2 



• o 



«D ■ 

*o ■ 
*> ■ 

Y". 

. . . i ^* 



100 1000 
Electric field amplitude F (V/m) 



FIG. 2: Electric field dependence of the amplitude of the 
spontaneous polarization echo in BAS at zero field, 11 mT 
and 230 mT (from reference 8). 



2. Material Dependence 

We have studied the coherent properties of four differ- 
ent glasses in magnetic fields in order to investigate the 
material dependence of the magnetic field effects. The 
amplitude of two-pulse polarization echoes of these fo™ 
glasses is shown in Fig. | as a function of magnetic field.E^I 
In contrast to many other low-temperature properties of 
glasses the influence of magnetic fields on the amplitude 
of spontaneous echoes is obviously not universal. Sev- 
eral conclusions can be drawn from the results shown in 
Fig. ||. The occurrence and the magnitude of the mag- 
netic field dependence is independent of the concentra- 
tion of magnetic impurities present in the glass samples. 
In particular, BK7 and Duran show similar effects al- 
though the concentration of magnetic impurities differs 
by at least a factor of 20 as demonstrated by the magne- 
tization measurements shown in Fig. [I]. 

Perhaps the most remarkable result of the measure- 
ments plotted in Fig. || is the fact that Suprasil I shows 
no magnetic field effect within the accuracy of our exper- 
iment. The slight difference between positive and nega- 
tive fields is caused by drift problems in the experiment. 
Whereas Duran, BAS and BK7 contain isotopes with 
non-zero nuclear quadruple moment, Suprasil is virtu- 
ally free of such isotopes.E3 This strongly indicates that 
nuclear quadrupoles play a crucial role in the magnetic 
field effects, and therefore,, our result clearly favors the 
nuclear quadrupole model.tl 

The variation of the echo amplitude with applied mag- 
netic field is similar for Duran, BK7 and BAS, but not 
identical. All three samples exhibit a central maximum 
at B = 0. At high fields the amplitude of the echo rises 
above its value at zero magnetic field and seems to reach 
saturation at fields above 200 mT. Fig. ^ shows the vari- 
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FIG. 3: Magnetic field dependence of the amplitude of 
spontaneous polarization echoes in BK7, BAS, Duran, and 
Suprasil I. All data were taken at 12 mK, tu = 2 us and 
roughly 1 GHz, except that for Duran, where the delay time 
was ii2 = 1.7 [is. 



ation of the echo amplitude for BAS at ti2 = l|is in an 
extended field range. In this plot the saturation effect 
becomes evident. According to the nuclear quadrupole 
model this saturation occurs at magnetic fields at which 
the nuclear Zeeman energy exceeds the mean quadrupole 
splitting. This condition seems to be met roughly at the 
same magnetic field in all three glasses (see Fig. |^), al- 
though the relevant nuclei are probably either 11 B or 27 A1 
with different nuclear quadrupole moments. 




Magnetic field B (T) 

FIG. 4: Amplitude of spontaneous polarization echoes in BAS 
in magnetic fields up to 0.7 T. The data were taken in at 
1 GHz, 20 mK and t±2 — 1 us. The solid line represents the 
expected variation at high fields according to the quadrupole 
model. 
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The solid line in Fig. [| represents the prediction ( p"l| ) of 
the quadrupole model for large fields with B = 60 mT as 
fitting parameter. It describes the high field limit almost 
perfectly. From the value of Bo we deduce the Lamor 
frequency wl = 4.2 MHz for the aluminium nuclei. As- 
suming further that TwJt, m Tiluq at Bq, we obtain for the 
electric field gradient the value 8 x 10 20 Vm~ 2 which is 
of the right order of magnitude. 

3. Delay Time Dependence 

Further remarkable observations were made in mea- 
surements of the magnetic field dependence of the am- 
plitude of two-pulse echoes with different delay times t\2 
between the exciting pulses. As an example, we show 
in Fig. H the amplitude of spontaneous echoes excited 
in BK7 as a function of the applied magnetic field for 
different delay times. The pattern of the magnetic field 
dependence is clearly different for different values of t\2- 
This observation indicates that the applied magnetic field 
influences the free phase development of the tunneling 
systems between and after the two excitation pulses. 

This can be made even more obvious by plotting the 
amplitude as a function of the product of the magnetic 
field and the delay time t\2- Fig. || shows such a plot for 
the data displayed in Fig. |^. It is remarkable that several 
features of the curves at different delay times coincide in 
this representation. In particular, the width of the cen- 
tral maximum in this plot is nearly identical in all cases. 
In addition, we have marked two features by dashed lines, 
the minimum at negative fields and the second maximum 
at positive field strength. Such an invariance of the pat- 
tern with respect to the product Bt\2 is expected in the 
quadrupole coupling model at small magnetic fields. Ac- 
cording to this approach, mixing between nuclear levels 
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FIG. 6: Amplitude of two-pulse echoes generated in BK7 as 
a function of the product of the magnetic field B times the 
delay time ti2. The dashed lines mark the positions of typical 
features of the echo amplitude. 



is the cause of these features. From the data shown in 
Fig. the first minimum is observed at about 14 mT in 
all three glasses. In BK7 the two boron isotopes 10 B and 
n B as well as sodium are likely to cause the magnetic 
field effect (see Tabic If). In the case of BAS the main 
contribution is probably due to 27 A1 nuclei. Using the 
rough approximation (|10| ) and the appropriate ^-factors 
we deduce values of about llmT for the minima in fair 
agreement with our observations. Applying ( |l0| ) to the 
lighter boron isotope 10 B leads to a greater value of the 
magnetic field at the minimum. However, it is not clear 
whether ([To]) is applicable since a theory for the contri- 
bution of integer spins is still lacking. 

The absence of a second maximum in case of Duran 
and BAS (Fig. [|) is another interesting observation made 
in our experiments. In the light of the quadrupole cou- 
pling model this might be caused by the larger amount of 
magnetic impurities in these materials compared to BK7, 
because it is conceivable that electronic spins lead to a 
distribution of local magnetic fields and therefore might 
wash out certain interference patterns. 

Despite the good qualitative and partially even quan- 
titative agreement of the quadrupole coupling model we 
want to point out that not all details of the curves shown 
in Fig. p can be described by (j^). 

4- Frequency Dependence 



-0.2 -0.1 0.0 0.1 0.2 

Magnetic field B (T) 

FIG. 5: Amplitude of two-pulse echoes generated in BK7 as 
a function of magnetic field at different delay times. All data 
sets were taken at 4.6 GHz and 12 mK except that for ti? — 
2 us which was taken at 0.9 GHz. 



A pronounced frequency dependence of the magnetic 
field effects in polarization echo experiments is expected 
from both models assuming_a_direct coupling of magnetic 
fields to tunneling systemsTjlJ Fig. shows the magnetic 
field dependence of the echo amplitude of BK7 measured 
at 0.9 GHz and 4.6 GHz, and at two different delay times. 
Note that the magnetic field is plotted on a logarithmic 
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FIG. 7: Amplitude of two-pulse echoes generated in BK7 as 
a function of magnetic field at two different frequencies and 
at two different delay times. 
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FIG. 8: Amplitude of two-pulse echoes generated in Duran as 
a function of magnetic field at different temperatures. In this 
experiment the microwave frequency was roughly I GHz and 
the delay time 1.7 u.s. 



scale. Again, the curves at different delay times exhibit 
a different pattern as a function of the applied magnetic 
field, but hardly any frequency dependence is seen within 
the accuracy of the experiment, although frequencies dif- 
fer by a factor of five. The remaining differences between 
the curves in particular at the long delay time of 6^ts and 
at higher magnetic fields could be caused by experimental 
problems. 

The apparent absence of a frequency dependence in 
this experiment provides further evidence that the mod- 
els favoring a direct coupling of magnetic fields to tun- 
neling systems are not applicable in this case. In con- 
trast, no (strong) variation with measuring frequency is 
expected within the nuclear quadrupole coupling model, 
because the relevant energy scales are given by the nu- 
clear properties of the tunneling systems. 

5. Temperature Dependence 

If the nuclear quadrupole model is the correct descrip- 
tion, the magnetic field effects observed in the two-pulse 
echo experiments are expected to be temperature inde- 
pendent because of their pure quantum nature. We have 
studied the temperature dependence of the magnetic field 
effects of two glasses: Duran and BAS. The result for Du- 
ran is shown in Fig. || where the integrated echo ampli- 
tude is plotted on a logarithmic scale. With rising tem- 
perature the amplitude of the echo decreases strongly. 
However, the pattern of the magnetic field variation re- 
mains nearly unaltered. There is a small decrease of the 
magnetic field variation relative to the absolute echo am- 
plitude, which is hardly visible in this representation. 

The magnetic field dependence of the echo amplitude 
in BAS at 20 mK and 56 mK is shown in Fig. g where 
the normalized amplitude A(B)/A(B — > oo) is plotted 



on a linear scale. As in the case of Duran, the overall 
pattern remains unchanged as the temperature increases 
although the relative variation is larger at the lower tem- 
perature. With rising temperature the magnetic field ef- 
fect vanishes obviously more rapidly than the amplitude 
of the echo itself. At a first glance this is unexpected from 
the point of view of the quadrupole model. In an attempt 
to explain this finding we may distinguish between tun- 
neling particles with and without nuclear quadrupole mo- 
ment. In both cases, the temperature dependence of the 




-0.2 0.0 0.2 

Magnetic field B (T) 

FIG. 9: Amplitude of two-pulse echoes generated in BAS as a 
function of magnetic field at two different temperatures. The 
measurement was performed about 1 GHz and a delay time 
of 1 us. In both cases the echo amplitude is normalized to its 
value at high fields. 
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echo amplitude is assumed to be independent of magnetic 
fields. However, it is conceivable that the temperature 
dependence of the dephasing time of systems carrying 
a nuclear quadrupole moment is different from that of 
systems without a nuclear quadrupole moment. In this 
case the magnitude of the magnetic field effect would also 
depend on temperature. 

Finally we want to add that the decay of spontaneous 
echoes in glasses is much faster than expected.Eil Accord- 
ing to theoryLZI the decay is due to spectral diffusion and 
is consequently determined by the thermal relaxation of 
tunneling systems with an energy splitting E rs 2k^T. In 
this context one might speculate whether a novel, hith- 
erto unconsidered mechanism gives rise to fast relaxation 
because of the more complex level scheme of tunneling 
systems with a nuclear quadrupole moment. 

V. SUMMARY AND OUTLOOK 

We have measured the amplitude of the two-pulse 
echoes generated in four different glasses in magnetic 
fields. Three glasses exhibit a striking non-monotonic 
magnetic field variation, but vitreous silica Suprasil 1 
shows no magnetic field effect. From the absence of 
this phenomenon in Suprasil I, and from the influence 
of other parameters, such as delay time, electric field, 
temperature, and frequency on the magnetic field effect 
we conclude that tunneling particles carrying a nuclear 
quadrupole moment are responsible for the surprising 
phenomena. The nuclear quadrupole of these systems 



leads to a splitting of the nuclear spin levels even at zero 
magnetic field, which is different for the ground state and 
the excited state. The presence of this multi-level struc- 
ture reduces the echo amplitude compared to that of sim- 
ple two-level systems. As long as the Zeeman energy is 
smaller than the mean quadrupole splitting, mixing be- 
tween the nuclear spin levels leads to a non-monotonic 
variation of the echo amplitude with the magnetic field. 
At a large magnetic field the Zeeman effect is dominant 
and the echo amplitude saturates at the value expected 
for simple two-level systems. 

We believe that nuclear quadrupoles also play an im- 
portant role in other experiments on glasses at low tem- 
peratures. For example the magnetic field dependence 
of the dielectric susceptibility at low frequencies is likely 
to be caused by relaxation effects involving nuclear spin 
levels. In addition, we like to point out that the fact that 
the nuclear properties of the tunneling particles matter, 
might allow to study the microscopic nature of the tun- 
neling systems in glasses by investigating glasses of se- 
lected composition. 
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